ABSTRACT The effect of barometric pressure changes on ßight initiation of female Trichogramma evanescens Riley and Trichogramma pretiosum Westwood (Hymenoptera: Trichogrammatidae) was studied in a ßight chamber over a 6-h period. Six different barometric pressure regimens were tested for their impact on ßight initiation of both species: constant 975 and 1,025 mbar (stable regimens), and 50 mbar increase or decrease in pressure between 975 and 1,025 mbar either within 1 (rapid increase or decrease) or 6 h (slow increase or decrease). Both Trichogramma species did not respond to stable or slow changes in barometric pressure, but rapid barometric changes signiÞcantly reduced the ßight initiation of females. The effect of rapid barometric pressure changes was almost immediate and independent of its direction, whether it was increasing or decreasing. The reduction in ßight initiation was lifted rapidly when the barometric pressure became stable again, immediately for T. pretiosum and 1 h later for T. evanescens. These results are in agreement with the hypothesis of an adaptive response to rapidly changing climatic conditions and associated higher risks of mortality during ßight for small insects like Trichogramma. The higher ßight initiation observed for T. evanescens females also agrees with Þeld results where they displayed higher dispersal capacity than T. pretiosum females under adverse climatic conditions. The effects of barometric pressure on parasitoid foraging behavior deserve more attention because this climatic variable may play a signiÞcant role in their population dynamics.
DISPERSAL IS A FUNDAMENTAL element in the life history and ecology of most insects. This term has been used to describe long-range seasonal movements, from overwintering to reproductive sites for instance, as well as to describe the limited spatial and temporal distribution of foraging insects within a habitat. As an important component of insect life history, dispersal behavior has probably evolved to reduce the probabilities of extinction in ephemeral or unsuitable habitats or to reduce competition and inbreeding in adequate habitats (Dingle 1984, Lidicker and Stenseth 1992) . Insect dispersal is often achieved by ßight, and many factors, mechanical or behavioral, that affect its efÞcacy have probably been shaped by evolution.
In insect parasitoids, dispersal is common because many of them emerge in habitats or patches with no suitable hosts for oviposition (Vinson 1998) . Dispersal can be particularly important in biological control programs where hymenopteran biocontrol agents must disperse from release sites to attack insect pests.
Trichogrammatidae are used as biological control agents against a wide variety of lepidopterous pests in agriculture and forestry and their successful use relies on repeated inundative releases of mass-produced individuals in synchrony with the oviposition of the target host in the Þeld (Smith 1996) . Consequently, the factors affecting Trichogramma ßight initiation and dispersal from their release points must be understood to ensure their successful use as biological control agents (Forsse et al. 1992) .
Insect ßight and dispersal can be triggered or hindered by intrinsic (genetic or physiological) and/or extrinsic (population interactions or abiotic) factors (Lidicker and Stenseth 1992) . Many elements of Trichogramma life history are adapted for a rapid initiation of ßight and host egg location after emergence. Males emerge Þrst, early in the morning, (J. Doyon and G.B., unpublished data) and stay on the emergence patch to immediately mate with emerging females. Once mated, these proovigenic and short-lived females will begin foraging for host eggs almost immediately. In the absence of males, unmated Tricho-gramma females will also forage for host eggs because of their arrhenotokous mode of reproduction (Waage and Ming 1984 , Forsse et al. 1992 , Pompanon et al. 1995 , Zaslavski et al. 1995 . Flight initiation occurs within 8 h after emergence (Martel and Boivin 2004) but can be delayed by extrinsic factors such as the presence of host eggs for females or, alternatively, by the presence of females for males (Forsse et al. 1992 ). However, climatic conditions are the extrinsic factors that are the most determinant on Trichogramma Þeld efÞcacy and associated ßight and dispersal (Keller et al. 1985, Bourchier and Smith 1996) . In general Trichogramma disperse better under good climatic conditions, warm and sunny weather, as opposed to overcast, rainy, and windy weather (van Steenburg 1934 , Yu et al. 1984 , Keller et al. 1985 . Temperature is known as the abiotic factor that has the strongest inßuence on Trichogramma dispersal (Suverkropp 1997) . Temperature thresholds for ßight initiation and correlations between Þeld parasitism and temperature have been established for many Trichogramma species (Forsse et al. 1992 , Bourchier and Smith 1996 , Dutton et al. 1996 , Wang et al. 1997 . Wind speed also has a signiÞcant effect on Trichogramma dispersal. It can inhibit or reduce their ßight initiation and, when ßy-ing, often induces downwind dispersal of the individuals (Hendricks 1967 , Yu et al. 1984 , Keller et al. 1985 , Greatti and Zandigiacomo 1995 , Fournier and Boivin 2000 . For small insects with limited ßight capacity such as Trichogramma, restricting ßight to periods with suitable conditions is adaptive and could serve to reduce the risks of death during dispersal or of uncontrolled dispersal to inadequate habitats (Dixon and Mercer 1983, Fournier and Boivin 2000) .
Falling atmospheric pressure is often associated with bad weather such as thunderstorms and can be accompanied by different combinations of high wind speeds, rainfall, rapid changes in temperature, and solar radiation, all conditions that can result in high mortality in small insects (Wellington 1946) . The predictive value of upcoming weather associated with decreasing barometric pressure has long been documented for large migrating insects that take advantage of the convective storms that precede typical cold fronts by enhancing their ßight activity (Wellington 1946 , Henson 1951 . For small and short-lived insects, detecting atmospheric pressure changes and adjusting their behavior accordingly could also prove to be adaptive. A posteriori analysis of highly variable experimental results has supported this idea for some Hymenopteran parasitoids. Encarsia formosa stopped foraging under atmospheric pressure decrease (van Roermund and van Lenteren 1995) , and the response to infochemicals was reduced under decreasing atmospheric pressure for Aphidius nigripes (Marchand and McNeil 2000) and Cotesia glomerata (Steinberg et al. 1992) . Under controlled decreasing atmospheric pressure conditions, Roitberg et al. (1993) observed increased patch time allocation and superparasitism for a fruit ßy larval parasitoid. Until now, the capacity for insect parasitoids to detect absolute barometric pressure values and different rates of controlled barometric pressure changes has not been studied.
In this study, we tested the effect of barometric pressure changes on ßight initiation for two Trichogramma species: Trichogramma evanescens (Westwood) and Trichogramma pretiosum (Riley). These species display important differences in their dispersal behavior in Þeld plots (Fournier and Boivin 2000) . T. evanescens dispersal is modulated by temperature, solar radiation, and wind speed above 15 km/h lasting at least 4 h/d, whereas T. pretiosum dispersal is more independent of climatic variables, being only reduced by sustained (Ͼ8 h/d) wind above 15 km/h. It is hypothesized that their ßight initiation will also be differentially modulated by barometric pressure conditions, T. evanescens females being more sensitive to anticipated adverse weather conditions than T. pretiosum females.
Materials and Methods
The two Trichogramma species compared in this study were T. pretiosum, and T. evanescens, originating from Qué bec and Egypt, respectively. Both species were reared at 25ЊC, 60% RH, and 16 L:8 D photoperiod, the photophase beginning at 0600 hours, in glass tubes on cold-killed eggs (24 h at Ϫ15ЊC) of the Mediterranean ßour moth (Ephestia kuehniella Zeller). Both species have been maintained in the laboratory for Ͼ4 yr, each generation being produced from a minimum of Ϸ2,500 individuals. Over the years, no sign of genetic depression have been observed for these species. Specimens have been deposited in the HDRC, Agriculture and Agrifood Canada, insect collection.
In this experiment, we used a computer-controlled pressure ßight chamber consisting of a clear acrylic cylinder (55 cm high and 20 cm diameter) closed with two acrylic covers sealed with rubber O-rings (Goyette et al. 2002) . Barometric pressure inside the chamber was computer controlled with a precision of Ϯ1.1 mbar, and different rates of pressure changes could be programmed for testing. At the beginning of each experiment, insects were placed in a holding compartment at the base of the chamber. This compartment was closed by an acrylic circular plate that could be rotated from outside the ßight chamber to allow the insects to move out of it. Pressure inside the holding compartment was the same as in the ßight chamber.
Six different barometric pressure regimens were tested for their impact on ßight initiation of both Trichogramma species. Two constant pressures, 975 (stable low) and 1,025 mbar (stable high), represented stable low pressure and high pressure conditions. These barometric pressure levels were chosen with respect to the minimal and maximum pressures recorded in summer for a period of 2 yr at the nearby weather station of LÕAcadie, Qué bec, Canada. The four other barometric regimens included a 50-mbar increase in pressure from 975 to 1,025 mbar either within 1 (rapid increase) or 6 h (slow increase) and a 50-mbar decrease from 1,025 to 975 mbar either within 1 (rapid decrease) or 6 h (slow decrease). This 50-mbar pressure change corresponds to the approach or withdrawal of cyclonic and anticyclonic systems, a situation often associated in nature with thunderstorms, wind, rainfalls, and sudden temperature changes (Wellington 1946) .
The ßight chamber was located in a temperaturecontrolled growth chamber kept at 21ЊC and 35% RH. Two neon lights were placed above the ßight chamber to attract the insects toward the light source. On the morning of the tests, 25 freshly emerged females Ͻ2 h old were collected and placed in a petri dish that was inserted in the insect holding compartment at the base of the ßight chamber. The compartment was closed, the pressure chamber was sealed, and the desired starting barometric pressure, either 975 or 1,025 mbar, was programmed to be attained 1 h later. The 25 Trichogramma females had a 1-h acclimation period at that pressure after which the females were allowed inside the ßight chamber by revolving the cover of the holding compartment. It is at this moment that the experimental pressure regimen was started. Each individual test started 5 h after light onset (1100 hours), which corresponds to a period of high ßight activity for T. minutum females (Forsse et al. 1992) . A plastic Þlm covered with Tanglefoot was placed inside the top cover of the chamber to capture ßying Trichogramma. A 1-cm ring of Tanglefoot was also applied on the inside wall 5 cm from the bottom of the chamber as a barrier to walking Trichogramma (Dutton and Bigler 1995) . The number of females caught on the top cover was monitored with the help a ϫ5 magniÞer every hour for six consecutive periods.
Only one pressure controlled ßight chamber was available for the experiment. To uniformly distribute the effect of the ambient pressure before the introduction of the females in the ßight chamber, each treatment combination was allocated randomly over the 140 different days of the experiment. For each species and barometric regimen, the experiments were repeated at least 10 times, except for the slow decrease treatment for T. evanescens, which was repeated Þve times.
For each species, pressure regimen, and time period, the cumulative numbers of females ßying to the top cover after each 1-h period were submitted to an analysis of variance (ANOVA) and compared with a least signiÞcant difference (LSD) test at a 5% significance level. To take into account the fact that the pool of potential ßyers was gradually reduced after each 1-h period, a decay model of the form Nt ϭ N o e
Ϫkt was also used to estimate the instantaneous rate of ßight initiation for each period. In this model, N o is the number of individuals at the beginning of the period, N t is the number of individuals remaining at the end of the period, k is the decay rate constant, and t is the duration of the period in hour. Decay rates were calculated and averaged for each species and test period and submitted to an ANOVA and compared with a LSD test at a 5% signiÞcance level. The GLM procedure of SAS was used to perform the analysis.
Results
For both species and all treatments, ßight began during the Þrst hour after the opening of the holding compartment and continued during the 6-h test period (Fig. 1) . The cumulative number of T. evanescens females ßying was higher throughout the experiment for the stable low, stable high, slow increase, and slow decrease treatments (Fig. 1) . The ßight patterns for all these treatments were similar, and the number of females caught increased rapidly during the Þrst 3 h, followed by a gradual reduction of the catch rate after this time (Fig. 1) . The lowest decay rates of T. evanescens females during the Þrst 2 h of the experiment were observed with the rapid increase treatment, followed by the rapid decrease treatment. After the Þrst 2 h, the decay rates were similar among all treatments ( Table 1 ). The initial lower decay rates under the rapid increase and rapid decrease treatments induced differences in the cumulative number of ßyers among the various treatments; these differences were no longer signiÞcant 4 h after the beginning of the experiment (Fig. 1) .
The response of T. pretiosum females to barometric pressure was similar to that of T. evanescens females, except for the impact of the slow increase treatment (Fig. 1) . The stable low, stable high, and slow decrease treatments had the highest number of ßyers throughout the experiment and displayed similar patterns of ßight in relation to time: higher decay rates during the Þrst 3 h followed by a reduction of the hourly decay rate afterward (Table 1 ). The ßight patterns of both rapid decrease and rapid increase treatments were similar but at a lower level, mostly because of lower decay rates during the Þrst hour after the opening of the holding compartment ( Fig. 1; Table 1 ). The most striking difference between T. evanescens and T. pretiosum female response to pressure changes occurred in the slow increase treatment where the cumulative ßying female curve was almost linear (Fig. 1) . Little variation was observed in the hourly decay rates, between 0.033 and 0.076, for this pressure regimen (Table 1). In contrast to T. evanescens females, the differences in the hourly decay rates were signiÞcantly different only during the Þrst hour, but the differences in the cumulative numbers remained statistically different among the treatments until 5 h after the opening of the holding compartment. These differences were mostly caused by the very low number of ßyers observed in the slow increase treatment but also within the rapid decrease treatment ( Fig. 1; Table 1 ).
At the end of the 6-h test period, no signiÞcant difference in the number of ßying individuals was observed among all treatments for each species. The average cumulative number of ßyers varied between 10.5 and 13.8 for T. evanescens and between 6.8 and 12.5 for T. pretiosum. However, a signiÞcant difference in overall ßight initiation (across all barometric pressure regimens) was observed between species, with respective percentages of ßyers of 49.3% (T. evanescens) and 39.1% (T. pretiosum) (F ϭ 11.82, P Ͻ 0.001).
Discussion
Our results indicate that while both Trichogramma species tested did not respond to stable or slow changes in barometric pressure, rapid barometric changes signiÞcantly reduced the ßight initiation of females. Marchand and McNeil (2000) previously reported a reduction in take-off of A. nigripes males in a ßight tunnel when they were subjected to barometric pressure variations of 5 mbar or more in the 24 h before the tests. In our study, the effect of barometric pressure changes was almost immediate, and it was the rapid rate of change, independently of its direction, that induced reduction of ßight initiation in Trichogramma females. The reduction in ßight initiation when rapid and important pressure changes occur suggests that this is an adaptive response to rapidly changing climatic conditions. The fact that the reduction in ßight initiation is lifted rapidly when the pressure becomes constant againÑimmediately for T. pretiosum and 1 h later for T. evanescensÑsupports this idea of an immediate response to rapidly changing meteorological conditions. Trichogramma females who respond to important pressure changes by momentarily reducing their ßight initiation probably decrease the associated risks of death or uncontrolled ßight under adverse climatic conditions. When fruit ßy parasitoids were subjected to rapid barometric pressure decrease, an indication of reduced life ex- Fig. 1 . Effect of six barometric pressure regimens on ßight activity of T. evanescens and T. pretiosum females during a 6-h period. For each hour, points followed by the same letter are not signiÞcantly different at the 5% level (protected multiple range LSD test). pectancy, they increased their patch time allocation and superparasitism levels (Roitberg et al. 1993 ). Similarly, Aphidius rosae females exposed to prolonged periods of rain or wind in the Þeld increased their within patch parasitism levels and reduced their number of travels to different rose bushes (Weisser et al. 1997) .
However, contrary to the delayed or long lasting effects of barometric pressure changes that have been reported on the response of insect parasitoids to infochemicals (Marchand and McNeil 2000, Steinberg et al. 1992) or in their patch time allocation (Roitberg et al. 1993, van Roermund and van Lenteren 1995) , the effects observed here in Trichogramma were immediate and temporary. The different parasitoid species and behavior studied, and the experimental setup of these experiments probably account for the observed differences. For instance, in the case of mate or plant and host complex location, it may be more advantageous for the parasitoids to stay still than to use an odor plume that may prove unreliable because of upcoming adverse weather conditions indicated by the barometric pressure changes (Steinberg et al. 1992, Marchand and McNeil 2000) . Under the pronounced changes in barometric pressure experienced by A. nigripes, Marchand and McNeil (2000) hypothesized that both female production of pheromone, and/or male receptivity could have been reduced. In other studies, the effect of barometric pressure decrease induced a delayed and lasting increase in patch time allocation by foraging females (Roitberg et al. 1993, van Roermund and van Lenteren 1995) . This effect has probably been facilitated by the presence of host eggs and/or hostrelated cues (honeydew). In presence of increased risks of mortality (barometric pressure decrease), these females spent more time on low-quality host patches than they did under stable or increasing barometric pressure regimens. The immediate response observed in our study probably arose from the experimental setup that prompted rapid patch leaving behavior of the Trichogramma females because there was no host egg available for parasitization in the ßight chamber. For such short lived parasitoids (Ͻ82 h for both species), allocating too much time to an egg-free patch is probably too expensive in terms of Þtness in comparison with the decision of leaving the patch, even under adverse weather conditions. This shows the complexity of the relations between climatic parameters and physiological and/or behavioral components of individual parasitoids. Climate is a complex and intricate combination of different parameters (temperature, relative humidity, wind, rain, atmospheric pressure, solar radiation. . . . ), many of which are closely linked and whose individual effect may be modulated by the value of other parameters. In nature, the evaluation of "good" or "bad" weather conditions by foraging insect parasitoids could depend on the assessment of multiple or combined parameters. Such an interaction was observed for T. evanescens females, whose best predictor of daily dispersal was the accumulation of solar radiations above a temperature threshold of 15ЊC (Fournier and Boivin 2000) .
We observed differences in the duration of the response to rapid barometric changes and in the percentage of ßyers for T. evanescens and T. pretiosum, indicating that these behavioral traits can display interspeciÞc variability. These results are similar to interspeciÞc variations observed on other behavioral traits such as walking speed and foraging activity duration (Chassain et al. 1988 , Pompanon et al. 1994 . T. evanescens females displayed an overall higher ßying propensity than T. pretiosum females, 49.3 versus 39.1%, but also displayed a higher sensitivity to barometric pressure changes, as predicted for this species. Flight initiation was reduced during 2 h for T. evanescens females compared with only 1 h for T. pretiosum females. These results are in agreement with previous Þeld results where T. evanescens dispersal was much more reduced by adverse climatic conditions than that of T. pretiosum females (Fournier and Boivin 2000) . The strong and lasting reduction of ßight initiation observed over the 6-h barometric pressure increase with T. pretiosum females is somewhat surprising. The explanation may lay in more detailed observations of Trichogramma behavior in future studies. We hypothesize that Trichogramma females may have responded to rapid barometric changes by complete arrestment, as observed with E. formosa by van Roermund and van Lenteren (1995) . However, under stable or slow changes in barometric pressure, foraging Trichogramma females could either walk, hop, or ßy to achieve interleaf or interplant movement (Gardner and van Lenteren 1986) . A slowly increasing barometric pressure regimen may induce a behavioral switch from arrestment to walking or from walking to hopping for T. evanescens females, a situation that would increase the chances of being trapped in the Tanglefoot barrier placed at the base of the ßight arena. Unfortunately, this parameter was not measured in this study. Our results conÞrm that the effects of barometric pressure on parasitoid behavior deserve more attention because this climatic variable may play a signiÞcant role in the population dynamics of insect parasitoids by signiÞcantly affecting their foraging behavior.
